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The histaminergic neurons in the tuberomamillary nucleus (TMN) of the posterior
hypothalamus are involved in the control of arousal. These neurons are sensitive to
hypercapnia as has been shown in experiments examining c-Fos expression, a marker
for increased neuronal activity. We investigated the mechanisms through which TMN
neurons respond to changes in extracellular levels of acid/CO2. Recordings in rat brain
slices revealed that acidiﬁcation within the physiological range (pH from 7 .4 to 7 .0), as well
as ammonium chloride (5mM), excite histaminergicneurons. This excitation is signiﬁcantly
reduced by antagonists of type I metabotropic glutamate receptors and abolished by
benzamil, an antagonist of acid-sensing ion channels (ASICs) and Na+/Ca2+ exchanger,
or by ouabain which blocks Na+/K+ ATPase. We detected variable combinations of 4
known types of ASICs in single TMN neurons, and observed activation of ASICs in single
dissociated TMN neurons only at pH lower than 7 .0. Thus, glutamate, which is known to be
released by glial cells and orexinergic neurons, ampliﬁes the acid/CO2-induced activation
of TMN neurons. This ampliﬁcation demands the coordinated function of metabotropic
glutamate receptors, Na+/Ca2+ exchanger and Na+/K+ ATPase. We also developed a
novel HDC-Cre transgenic reporter mouse line in which histaminergic TMN neurons can
be visualized. In contrast to the rat, the mouse histaminergic neurons lacked the pH
7 .0-induced excitation and displayed only a minimal response to the mGluR I agonist
DHPG (0.5μM). On the other hand, ammonium-induced excitation was similar in mouse
and rat. These results are relevant for the understanding of the neuronal mechanisms
controlling acid/CO2-induced arousal in hepatic encephalopathy and obstructive sleep
apnoea. Moreover, the new HDC-Cre mouse model will be a useful tool for studying the
physiological and pathophysiological roles of the histaminergic system.
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INTRODUCTION
The mammalian brain depends on a constant supply of glucose
and oxygen. Lack of either one of them rapidly leads to failure of
neuronal function. Extracellular levels of CO2 change in response
toalterationsofbloodoxygenlevelsandarefundamentalphysico-
chemical signalscontrolling breathing andwakefulness.However,
the mechanisms connecting changes in extracellular CO2 to
arousal are unclear.
Arousal-inducing systems are modulated, either directly or
indirectly, in response to hypercapnia or acidiﬁcation. For
instance, serotonin neurons from the dorsal raphe respond to
CO2 and genetic deletion of serotonin neurons abolishes the ven-
tilatory response to hypercapnia (Corcoranetal.,2009; Buchanan
and Richerson, 2010). Similarly, previous studies have shown
that the orexin (hypocretin) neurons in the perifornical area
of the posterior hypothalamus are highly sensitive to minor
changes in the extracellular pH (Williams et al., 2007), display-
ing a 100% increase in ﬁring rate in response to a 0.1 unit acidic
shift. Furthermore, in wild type but not in orexin-deﬁcient mice
augmented ventilation is observedduringthe 2hfollowing abrief
hypercapnia episode (Terada et al., 2008), implicating the orexin
system in the ventilatory response.
Thetuberomamillarynucleus(TMN)intheposteriorhypotha-
lamus contains the wake promoting histamine system, which
provides a complementary and synergistic control of wakeful-
ness together with the orexin neurons (Anaclet et al., 2009).
The ventrolateral TMN group of neurons shows increased c-Fos
expression indicating increased neuronal activity (Johnson et al.,
2005)inresponsetohypercapniaandconsistentwiththeincreased
arousal response. It is unclear however, whether CO2 or protons
can directly affect TMN neurons or this is the consequence of
a system response. In particular, it is possible that histaminergic
neurons are excited indirectly via other arousalsystems since they
receive excitatory afferents from orexinergic neurons (Eriksson
et al., 2001) in addition to inputs from other arousal centers of
the brain (Haas and Panula, 2003; Haas et al., 2008).
Acid-induced excitation is a hallmark of chemosensing neu-
rons (Williams et al., 2007) and contrasts with the majority
of brain neurons which respond to acidiﬁcation with a hyper-
polarization. The cellular mechanisms underlying acid-induced
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excitation are diverse. In addition to direct activation of acid-
sensitive ion channels (ASICs), acidiﬁcation or hypercapnia may
cause ATP-release from astrocytes. In brainstem, ATP-activation
of respiratory neurons through P2Y1 receptors is a core event
in the fundamental reﬂex controlling breathing (Gourine et al.,
2010). In addition, some acid-sensing mechanisms can be acti-
vated by ammonium (Pidoplichko and Dani, 2006)a n dh y p e r -
ammonemia leads to intracellular acidiﬁcation (Kelly and Rose,
2010). In hepatic encephalopathy with ammonia as a main
pathogenic factor, brain histamine concentration is increased
(Lozeva et al., 2003).
This study investigates the role of the histaminergic system
in acid/CO2-sensing and characterizes the mechanisms involved.
W ef o c u si nd e t a i lo nt h ev e n t r o l a t e r a lp a r to ft h eT M Ns i n c ei t
is located close to the brain surface and may contact the cere-
brospinal ﬂuid. The expression of possible effector systems in the
ventrolateral and the medial subdivisions of TMN are compared.
The action of pH 7.0 is also compared with that of ammonium
chloride at 5mM. Despite similarity of time course and mag-
nitude, we show that different mechanisms are involved in the
effects of protons and ammonia. We identify glutamate acting
through mGluR I as a mediator of acid-induced excitation in rats
but not in mice.
MATERIALS AND METHODS
PATCH-CLAMP RECORDINGS FROM RAT OR MOUSE TMN NEURONS
IN SLICES
Housing of rats, mice, and all animal procedures were in accor-
dance with the Animal Protection Law of the Federal Republic
of Germany and European Union: EEC (86/609/EEC) direc-
tives. They obtained approval of the UTSW Medical Center
Institutional Animal Care and Use Committee (Dallas, TX,
USA). All efforts were made to reduce the number of animals
used. Recordings from histaminergic neurons in male Wistar
rat (22–26 day old) or mouse hypothalamic slices were per-
formed as previously described (Chepkova et al., 2012; Yanovsky
et al., 2011). Cell-attached recording was used to register action
potential currents (Perkins, 2006). Visual identiﬁcation of his-
taminergic neurons was conﬁrmed at the end of experiments
by application of the histamine 3 (H3) receptor agonist R-α-
methylhistamine (0.2μM) (Yanovsky et al., 2012)( i nm M ) :K C l
130, NaCl 10, MgCl2 2, CaCl2 0.25, glucose 5, Hepes 5, Mg-
ATP 5, EGTA 10, Na-GTP 0.3, pH 7.3 adjusted with 1M KOH.
Temperature was held at 33 ± 0.5◦ if not mentioned otherwise.
Forgramicidin-perforatedpatch-clamprecording,(Akaike,1996)
pipettes (4.5–6.0M ) were tip-ﬁlled with (in mM): K-gluconate
138, KCl 11, Hepes 10, MgCl2 2, pH 7.3, and back-ﬁlled with
the same solution containing 50μg/ml of gramicidin (Sigma).
Gramicidin was dissolved in dimethyl sulfoxide (5mg/0.1ml),
and then was diluted to the ﬁnal concentration with record-
ing solution. Gramicidin-perforated patch experiments were
started when series resistance was below 100M . After iden-
tiﬁcation of neurons properties, the holding potential was set
to −50mV. Voltage signals and synaptic currents were ﬁltered
at 3kHz with a four-pole Bessel ﬁlter, sampled at 10kHz using
pCLAMP9software (Axon Instruments, Union City, CA, USA),
and stored on a PC for off-line analysis. Cells were discarded if
their capacitance transients changed during recordings by more
than 10%. Solutions of different pH were applied for 7min
through the bathperfusion system. They were obtainedby chang-
ing NaHCO3 concentrations in the basal recording solution
according to the protocols of Jarolimek et al. (1990). Brieﬂy, to
achieve pH 6.8saturated with carbogen and heated to 33.5◦Ct h e
control solution was supplemented with 5mM NaHCO3;f o rp H
7.0 ± 0.05 with 9mM NaHCO3,f o rp H7 . 2± 0.05 with 14mM
NaHCO3. Given variations of pH are averages of measurements
done on different experimental days. The control recording solu-
tion (ACSF: artiﬁcial cerebrospinal ﬂuid, pH 7.4) was composed
of (in mM): NaCl 125, KCl 3.7, CaCl2 1.0, MgCl2 1.0, NaH2PO4
1.3, NaHCO3 25, D-glucose 10.
ELECTROPHYSIOLOGY IN ACUTELY ISOLATED NEURONS FROM SLICES
The TMN was dissected from posterior hypothalamic slices
(450μm thick) and incubation with papain in crude form
(0.3–0.5mg/ml) for 20–30min at 37◦C. After rinsing the tis-
sue was placed in a small volume of recording solution with the
following composition (in mM): NaCl 150, KCl 3.7, CaCl2 2.0,
MgCl2 2.0, HEPES 10, glucose 10 (pH 7.4). Cells were separated
by gentle pipetting and placed in the recording chamber. TMN
neurons were recorded and identiﬁed as previously described
(Sergeeva et al., 2010; Yanovsky et al., 2012). Brieﬂy, patch elec-
trodes were sterilized by autoclaving and ﬁlled with the electrode
solution for whole-cell recordings (in mM): KCl 130, NaCl 10,
MgCl2 2, CaCl2 0.25, glucose 5, Hepes 5, Mg-ATP 5, EGTA 10,
Na-GTP 0.3, pH 7.3 adjusted with 1M KOH. The cells were
voltage-clamped by an EPC-9 ampliﬁer. The holding potential
was–50mV.Anacutelyisolatedcellwasliftedintothemajorchute
oftheapplicationsystem,whereitwascontinuouslyperfusedwith
the sterile control bath solution. Substances were appliedthrough
a glass capillary (application tube), 0.08mm in diameter. All
solutions ﬂowed continuously, gravity-driven, at the same speed
and lateral movements of the capillaries exposed a cell either to
control- or test-solutions. Solutions with different pH were pre-
paredbytheadditionofdifferentamountsofHCltotherecording
solution (see above). In some experiments solutions at pH < 6.5
contained 10mM MES [2-(N-morpholino) ethanesulfonic acid,
Sigma] instead of HEPES. As the obtained pH50 did not differ
between the two buffers data were pooled. To evaluate the proton
sensitivity of the cells the mean of the peak current amplitude
was ﬁtted with a dose-response curve using the equation:
y =[ A1 − A2/1 + (x/x0)p]+A2, (1)
where A1 and A2 are the bottom and top asymptote, x0 is the
half-activation between A1 and A2 and p is Hill’s slope.
ASIC—EXPRESSION ANALYSIS (SINGLE-CELL RT-PCR)
Ampliﬁcation ofcDNAsencoding forhistidine decarboxylasewas
performed as previously described (Sergeeva et al., 2002, 2005,
2010) .T h ee x p e c t e ds i z eo ft h ea m p l i ﬁ c a t i o np r o d u c tw a s4 5 7b p .
For the ﬁrst ampliﬁcation round of the ASIC family we used
following degenerate primers Dglo: 5 -ccRatRaacaRBcccatctg-
3  and Dgup: 5 -agatYcacagYcagKMKgaRcc-3 .I nt h es e c o n d
ampliﬁcation round the primers varied for each ASIC-
channel: ASIC 1 up: 5 -cctagtggagaaagaccaggaata-3  was used
Frontiers in Systems Neuroscience www.frontiersin.org April 2012 | Volume 6 | Article 23 | 2Yanovsky et al. Protons, ammonia and waking
in combination with Dglo (size of PCR product: 276bp.),
ASIC 2lo: 5 -ccttttctgccagtagaccga-3  was taken with Dgup
(321bp), ASIC 3up: 5 -gggtgactgcaataccgcat-3  with ASIC
3lo: 5  -tcattcgacagccacacttc-3  (164bp) and ASIC 4up: 5 -
gaacagcggctaacttatctgc-3  with ASIC 4lo: 5 -catgggccctcagagccc-
3  (263bp). For the analysis of ASIC1splice variants (ASIC1a
and ASIC1b) ampliﬁcation was done with the following
primers: ASIC1up: 5 -tccctgggcctgctgctg-3  and ASIC1lo: 5 -
gtggccgcccatcttg-3  (size of PCR product for the ASIC 1b: 324bp
and for the ASIC 1a: 360bp). Digestion of ASIC1a with the
restriction endonuclease Eco RI (Invitrogen) conﬁrmed pres-
ence of both splice variants in cDNA derived from the trigem-
inal ganglion: undigested amplimer of 324bp size (ASIC1b)
was seen together with ASIC1a restricted cDNA fragments of
210bp und 150bp size. Thin-walled PCR tubes contained a mix-
ture of ﬁrst strand cDNA template (1–1.5μl), 10× PCR buffer,
10pM each of sense and antisense primer, 200μMo fe a c hd N T P
and 2.5units Taq polymerase. The ﬁnal reaction volume was
adjusted to 10μl with nuclease-free water (Promega, Mannheim,
Germany). (MgCl2) was 2.5mM. Ampliﬁcations were performed
on a thermal cycler (Perkin Elmer, GeneAmp 9600, Weiterstadt,
Germany). In each round, 35 cycles of the following thermal
programs were used: denaturation at 94◦C for 48s, annealing
at 50–53◦C for 48s, and extension at 72◦C for 1min. For the
second ampliﬁcation round, 1.1μlo ft h ep r o d u c to ft h eﬁ r s t
PCR was used as a template. The Taq enzyme, PCR buffer,
Mg2+ solution, and four dNTPs were all purchased from Qiagen
(Erkrath, Germany). All oligonucleotides were synthesized by
MWG-Biotech (Ebersberg, Germany). Products were visual-
ized by staining with ethidium bromide and analyzed by elec-
trophoresis in 2% agarose gels. Randomly selected PCR products
were puriﬁed in water (PCR puriﬁcation kit, Qiagen, Erkrath,
Germany) and sequenced on an automatic sequencing machine
(ABI, model 377, Weiterstadt, Germany). Comparison with cor-
responding GENBANK sequences revealed no mismatches (ASIC
1: NM_024154.2, ASIC 2: NM_012892.2, ASIC 3: NM_173135.1,
ASIC 4: NM_022234.2).
SEMIQUANTITATIVE REAL-TIME RT-PCR
The TMN was dissected from hypothalamic slices and total cellu-
lar mRNA was isolated using an mRNA isolation kit (Pharmacia
Biotech) according to the manufacturer’s protocol. Total mRNA
was eluted from the matrix with 30μlo fR N a s e - f r e ew a t e r .F o r
the reverse-transcription 8μl of eluted mRNA was added to
7μl of reagents mixture prepared according to the protocol of
the “ﬁrst strand cDNA synthesis kit” (Pharmacia Biotech). After
incubation for 1h at 37◦C the reverse transcription reaction was
stopped by freezing at –20◦C. The reverse-transcription reactions
were not normalized to contain the equivalent amounts of total
mRNA. The PCR was performed in a PE Biosystems GeneAmp
5700sequence detection system using the SYBR green master
mix kit. Each reaction contained 2.5μl of the 10xSYBR green
buffer, 200 nM dATP, dGTP, and dCTP and 400 nM dUTP,
2mM MgCl 2, 0.25 units of uracil N-glycosylase, 0.625units of
Amplitaq Gold DNA polymerase, 10pM forward and reverse
primers, 5μl of 1:4 diluted cDNA, and water to 25μl. All reac-
tions were normalized to β-actin expression. Primers for the
β-actin, peripherin and mGluR I cDNA ampliﬁcation were pub-
lished previously (Chepkova et al., 2009; Yanovsky et al., 2011).
Primers for the HDC—cDNA ampliﬁcation (Sergeeva et al.,
2002)an df ort h eA SIC -cDN A sw e r et h es am east h os eus e di nt h e
second round of single-cell RT-PCR. Primers for the histamine
N-methyl-transferase were: HNMT up: 5 -ttcttggcacaaggagaca-
3 and HNMT lo: 5 -gctaagagaccatggaaaaat-3 .T h er e a c t i o n sw e r e
performed in tubes with MicroAmp optical caps. The reactions
were incubated at 50◦C for 2min to activate uracil N -glycosylase
andthen for10minat95◦Ctoinactivate the uracilN -glycosylase
and activate the Amplitaq Gold polymerase followed by 40 cycles
of 15s at 95◦C, 1min at 60◦C. The PCR reactions were subjected
to a heat dissociation protocol (PE Biosystems 5700software).
Following the ﬁnal cycle of the PCR, the reactions were heat-
denaturated over a 35◦C temperature gradient at 0.03◦C/s from
60◦Ct o9 5 ◦C. Each PCR product showed a single peak in the
denaturationcurves.Standardcurvesfor real-timePCRprotocols
with all primer-pairs obtained with sequential dilutions of one
cDNA sample (till 1:64) were found optimal (linear regression
coefﬁcients were > 0.95). Semiquantitative analysis of target gene
expression relative to the β-actin endogenous control was per-
formed according to the “2−  Ct”( Fold) method as described
previously (Chepkova et al., 2009).
GENERATION OF HDC-Cre BAC TRANSGENIC MICE AND
HISTOCHEMICAL VALIDATION OF THE TRANSGENE
EXPRESSION WITH THE HELP OF LacZ- OR Tmt-REPORTER MICE
We generated several lines of transgenic mice that express
cre recombinase (Cre) within histidine decarboxylase-expressing
cells. These animals were made by ﬁrst using various ET-cloning
“recombineering” technologies (Lee et al., 2001; Muyrers et al.,
2001); to construct an HDC-Cre transgene-containing bacterial
artiﬁcial chromosome (BAC). The original HDC BAC (RP24-
141N14), which was purchased from BACPAC Resources Center
at Children’s Hospital Oakland Research Institute, spanned the
entire coding region of HDC and furthermore contained approx-
imately 92.42kb sequence upstream of the HDC start codon
and approximately 13.91kb sequence downstream of the HDC
stop codon. This BAC was transformed into EL250 cells by elec-
troporation. EL250 cells were provided by N. Copeland; they
contain heat-inducible recE and recT recombinases for homol-
ogous recombination and arabinose-inducible Flp-recombinase
for site-speciﬁc recombination at frt sites (Lee et al., 2001).
Next, a DNA fragment containing the coding sequence of Cre
recombinase followed by an SV40 polyadenylation (polyA) sig-
nal and a kanamycin resistance gene ﬂanked by frt sites (FKF)
was inserted into the HDC BAC, at the translational start site
of HDC, by ET-cloning. The construction of the Cre-polyA-FKF
cassette was described previously (Dhillon et al., 2006). This
insertion resulted in the removal of 2194bp of the HDC gene
(this included the latter portion of exon 1 and the ﬁrst portion
of exon 2—which encodes the ﬁrst 47 amino acids of histi-
dine decarboxylase—and the intervening intron 1). Finally, the
kanamycin resistance gene was removed by arabinose induction
of Flp-recombinase, and the Cre recombinase coding region was
sequenced to ensure that no mutations had been introduced. The
Cre-modiﬁed HDC BAC was submitted to the UTSW Medical
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Center Transgenic Core Facility for microinjection into pronu-
cleioffertilized one-cell stageembryosofC57Bl6/J mice. Wewere
successful in generating multiple potential HDC-Cre founder
mice, ofwhich onewasshown to contain the expected Creexpres-
sionandactivitywithin theCNS.Oligonucleotideprimersusedto
c o n ﬁ rmt h eg e n o t yp eo fm i c eh a rb o ri n gt h eH DC - C r et ra n s g e n e s
were as follows: M249: 5 -CAGGGAGTGCACAGCACAGACAA-
3  and M247: 5 -TGCGAACCTCATCACTCGTTGCAT-3 .T h e
mice used in this study were on a pure C57BL6/J genetic
background. Animals were housed under 12h of light/12h of
dark per day in a temperature-controlled environment. They
were fed standard chow diet (details) and had free access
to water.
For histological validation of Transgene expression, HDC-
C r em i c ew e r eb r e dt oR o s a 2 6 - l o x - S T O P - l o x - l a c Zr e p o r t e rm i c e
[B6.129S4-Gt(ROSA)26–Sortm1Sor/J; stock#003474; The Jackson
Laboratory, Bar Harbor, Maine], in which a transcriptional
stop cassette is removed only in the presence of Cre activity,
allowing for visualization of cells with Cre activity by assay-
ing for β-galactosidase or for lacZ-IR, as below. Mice derived
from the HDC-Cre X Rosa26-lox-STOP-lox-lacZ crosses were
deeply anesthetized with an intraperitoneal injection of chlo-
ral hydrate (500mg/kg) and subsequently perfused transcardially
with diethylpyrocarbonate (DEPC)-treated 0.9% saline followed
by 10% neutral buffered formalin. Brains were removed, stored
i nt h es a m eﬁ x a t i v ef o r4 – 6 ha t4 ◦C, and then immersed in
20% sucrose in DEPC-treated phosphate buffered saline (PBS),
pH 7.0 at 4◦C overnight. Brains were sectioned coronally, using
a sliding microtome, into ﬁve equal series at a 25μm thickness.
Brainsections werepermeabilizedandblockedin3%normalgoat
serum/0.3% Triton X-100 for 1h, and then incubated for 48h
at 4◦C in 1:5000 guinea pig anti-HDC antiserum (Catalog num-
ber: B-GP 265-1, Lot: HS4061; ALPCO Diagnostics, Salem, NH).
After washing in PBS, sections were incubated in Alexa Fluor 594
goat anti-guinea pig IgG (Invitrogen, Carlsbad, CA; 1:300) for
1h at room temperature, followed by more PBS washes. For lacZ
staining, sections were subsequently incubated for 24h at 4◦Ci n
1:10000 chicken anti-lacZ antiserum (Catalog number: ab9361,
Lot: 713063, Abcam, Cambridge,MA). After washing in PBS, sec-
tions were incubated in Alexa Fluor 488 goat anti-chicken IgG
(Invitrogen, Carlsbad, CA; 1:300) for 1h at room temperature,
followed by more PBS washes. Finally, the sections were mounted
in Fluoromount G (Electron Microscopy Sciences, Hatﬁeld, PA)
and viewed using microscopy (Axioskop 2, Carl Zeiss). Images
were taken using both the red ﬁlter and green ﬁlter at each level,
and were placed side-by-side. All the cells at each level with either
HDC-immunoreactivity alone, lacZ-immunoreactivity alone, or
both were counted. An imaging editing software program, Adobe
PhotoShop 7.0 (SanJose, CA) was used to adjustcontrast, bright-
ness,andcolorofthephotomicrographs,andto mergetheimages
taken using the red and green ﬁlters.
To be able to visualize TMN neurons in slices we crossed
the HDC-Cre mouse to the Tomato reporter mouse B6J/N.
Cg-Gt(ROSA) 26Sortm14(CAG−tdTomato) (Jackson Laboratory,
#007908) yielding the HDC/Tmt mice. Offspring (both genders)
carrying both transgenes were used for the slice recordings.
Histamine immunostainings were done according to the
previously published protocols (Yanovsky et al., 2011). Wilde
type littermates of HDC-Cre breeders were used as a control
in electrophysiological and molecular biological experiments
(comparative gene expression analysis).
DATA ANALYSIS
Experiments were conducted and analyzed with commercially
available software (TIDA for Windows, HEKA, Lambrecht,
Germany) and with Clampex 9.0. All graphs were assembled in
GraphPad Prism (GraphPad Software, Inc., San Diego, CA, USA)
and Photoshop.
Data are presented in text as the mean ± SEM. Statistical
analysis was done with the non-parametrical Mann-Whitney
U-test (real-time PCR) or unpaired Student t-test (compari-
son of magnitude of excitation between groups in cell-attached
ﬁring rate recordings). Comparison with the baseline activ-
ity in each individual experiment was done using paired
Student t-test. Differences were considered statistically signiﬁcant
if p < 0.05.
RESULTS
ACSF ACIDIFICATION EXCITES RAT E2 TMN NEURONS
As it was shown previously that only the ventrolateral TMN
of the rat shows increased c-Fos expression in response to sys-
temic hypercapnia (Johnson et al., 2005), we performed now
patch-clamp recordings from ventrolateral TMN, which corre-
sponds to the E2 group (Figure1A). Acidiﬁcation of the bath
solution for 7min increased the ﬁring rate of most rat TMN
neurons recorded in cell-attached mode (23 out of 28 neurons,
82%). Unresponsive neurons were not further investigated. On
average pH 7.0-induced excitation amounted to 166 ± 15% of
control ﬁring rate (n = 23 at 33◦C). The mean ﬁring rate in
these experiments under control conditions was 1.14 ± 0.05Hz
(n = 28). The excitatory response did not show a signiﬁcant
temperature-dependence: at room temperature it reached 157 ±
40% of control (n = 6). The period of high initial excitation in
response to the acidiﬁcation was followed by a reduction of activ-
ity with subsequent suppression of activity below control level in
the beginning ofthe washoutperiod(Figure1B) .Th er e s pon s et o
pH 7.0 in perforated patch whole-cell voltage-clamp recordings
(Vh = –50mV) perfectly matched the time course of responses
seen in the cell-attached conﬁguration (Figure1C). The initial
inward current of 22 ± 7 pA (starting after 1.9 ± 0.3min, max-
imum after 4.6 ± 0.6min) was followed by an outward current
of 8.5 ± 1.4 pA (0.9 ± 0.1min after beginning the washout)
(Figure1C3). Note a slight and delayed decrease in membrane
resistance measured in parallel experiments (180 ± 10M  ver-
sus 190 ± 4M  in control, n = 4, p > 0.05), which did not
correspond with respect to time to the fast rising phase of the
inward current (Figure1C4). Moreover, no robust membrane
depolarisationwasobserved duringtheﬁrst phaseofthe response
(n = 5, Figure1C2), whereas the second phase was character-
ized by reduced ﬁring frequency, outwardcurrent and membrane
hyperpolarization. The magnitude of facilitation was dependent
o nt h ed e g r e eo fa c i d i ﬁ c a t i o n .T h eﬁ r i n gr a t em e a s u r e di nc e l l -
attached conﬁguration was changed by 17 ± 2% for each 0.1pH
unit (Figure2A).
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FIGURE 1 | Proton-induced increase in TMN neuron ﬁring. (A) Schematic
presentation of the coronal hypothalamic slice indicates the TMN groups (E2
corresponds to ventrolateral TMN, whereas medial TMN contains the E3, E4
groups). 3V, third ventricle; ARC, arcuate nucleus. Electrode points to the
recording site E2. (B1,2) Firing of TMN neuron recorded in cell-attached
mode in control at pH 7 .4 and at pH 7 .0. (B1) Time course of ﬁring-frequency
in representative neuron. Every point on the histogram represents the
frequency averaged for 15s of recording. (B2) Change in the amplitude of
action potential currents during acidiﬁcation (each point: average recorded
during 1min in 6 neurons). (C1) Current clamp recording from one TMN
neuron illustrates the action potential (AP) frequency in response to low pH.
Each point is the average of 15s recording. (C2) fragments of voltage
trace recordings in the same neuron. Note no deﬂection of the control
membrane potential ∼–50mV during the ﬁrst phase of the response
and a slight hyperpolarization during the second phase. (C3)
Biphasic current (voltage-clamp mode) recorded from the same
neuron as in (C1,2). Note that phase (1) and phase (2) correspond
timely to the excitation and inhibition phase in (C1). (C4) membrane
resistance (average of 4 neurons) measured from current
deﬂections in response to brief voltage steps (–10mV for 10ms from
holding potential at 10s intervals) in experiments like the one
shown in (C3).
METABOTROPIC GLUTAMATE RECEPTORS BUT NOT P2Y1
RECEPTORS MEDIATE ACID-INDUCED EXCITATION
Previous studies have shown that glial cells respond to acid/CO2
by the release of ATP, which excites respiratory neurons in brain
stem through the P2Y1 receptor (Gourine et al., 2010). We
have shown that ATP/ADP excites TMN neurons through P2X
(Vorobjev et al., 2003)a n dP 2 Y( Sergeeva et al., 2006) receptors.
We also found that activation of P2Y1 receptors in hypothala-
mic slices containing TMN causes release of glutamate which
ampliﬁes the excitatory response through type I metabotropic
glutamate receptors (mGluR I). Acid-induced excitation of TMN
neurons in the present study was not affected by the P2Y1
receptor antagonist MRS 2179 (90μM, n = 5; Figure2B). The
metabotropic glutamate receptor type I (mGluR I) antagonists
MPEP (10μM, mGluR5 antagonist) combined with LY 367385
(20μM, mGluR1 antagonist) (Figure2C) signiﬁcantly reduced
acid-induced excitation (p < 0.05). In the presence of mGluR
I antagonists the excitation amounted to 123 ± 10% (n = 6)
of baseline activity versus 211 ± 31% (n = 10) in the parallel
control experiments. The AMPAandNMDAreceptor antagonists
CNQX (10μM) and D-AP5 (50μM) neither affected proton-
induced excitation (199 ±30%, n = 3) nor increased the blockof
excitation by metabotropic glutamate receptor antagonists when
all glutamate receptor antagonists were applied together (138 ±
28% of control, n = 4, Figure2C). Thus proton-induced exci-
tation is largely (∼70%) mediated by metabotropic glutamate
receptors.
EXPRESSION OF ACID-SENSORS IN VENTROLATERAL VERSUS
MEDIAL TMN
Electrophysiological experiments revealed that mGluR medi-
ate most of the acid-induced excitation of TMNv. Therefore,
we investigated differential expression of these receptors with
respect to functional diversity between TMNv and TMNm
(Figure2D). Semiquantitative RT-PCR was performed from
mRNA isolated from two parts of TMN as shown in Figure2D.
The lateral part contained largely the E2 dense group of
TMN neurons, whereas in the medial part only a minority of
cells were histaminergic (groups E3 and E4, see Figure1A).
Therefore, histaminergic markers, such as histidine decarboxy-
lase (HDC) or peripherin (prph) were expressed signiﬁcantly
higher in the ventrolateral part compared to the medial TMN
(Figure2D). Expression of mGluR1 did not differ between ven-
trolateral and medial TMN, whereas mGluR5 expression in
the ventrolateral TMN represented 79% of that in the medial
TMN (p < 0.05).
We then investigated the expression of classical acid-sensors,
such as acid-sensing ion channels (ASICs) which others found
expressed in the majority if not in all central neurons (Lingueglia,
2007; Grunder and Chen, 2010). We found the expression of
ASIC3signiﬁcantly higher in ventrolateral TMN compared to
the medial subdivision (Figure2D). Interestingy, this member of
the ASIC family responds to acidic pH with a fast inactivating
followed by a sustained sodium current and is sensitive to physio-
logical changes in proton concentration (Waldmann et al., 1997).
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FIGURE 2 | Functional identiﬁcation and expression analysis of
acid-sensors in TMN. (A) Acid-induced excitation depends on the degree of
acidiﬁcation. Each data point is an average of 4–23 neurons. The difference in
excitation between pH 6.5 and 7 .0 but not between pH 6.8 and 7 .0 is
signiﬁcant (∗p < 0.05). (B) The P2Y1 receptor antagonist MRS2179 (n = 5)
does not prevent pH 7 .0-excitation. Control diagram represents the average of
23 neurons. (C) Facilitation of ﬁring in control and in the presence of the
metabotropic GluR (mGluR) antagonists MPEP (mGluR5, 10μM) and
LY367385 (mGluR1, 20μM) or mGluR antagonists combined with inotropic
glutamate receptor antagonists CNQX (10μM, AMPA) and D-AP5 (50μM,
NMDA). (D) mRNA levels normalized to the minimal expression level for
mGluR1, mGluR5, ASIC (1–4), peripherin (prph) and histidine
decarboxylase (HDC) detected with real-time RT-PCR (eight rats aged
from 23 to 27 days). Hypothalamic slice shows regions
dissected for the analysis. TMN neurons stained with the
rabbit-anti-histamine antibody are visualized with the secondary
donkey-anti-rabbit antibody conjugated to Alexa ﬂuor 488. ∗p < 0.05
Mann–Whitney.
Expression of ASIC3 in the hypothalamus was shown recently
(Meng et al., 2009). Members of ASIC 1 and ASIC2subfamilies
are activated by much lower pH values (pH50 ∼ 4.1–6.2) except
for ASIC 1a (Lingueglia, 2007), which also responds to ammo-
nium (Pidoplichko and Dani, 2006).
TMN NEURONS ISOLATED FROM SLICES DO NOT RESPOND TO pH 7.0
Solutions with pH ranging from 7.0 to 4.0 were applied for 2s
at 30s intervals in 17 acutely isolated TMN neurons. In none of
the investigated neurons did pH 7.0 evoke measurable currents,
whereas pH 6.5 evoked currents of 37 ± 8 pA in 82% of neurons
(Figure3B). Half-maximal current amplitude was evoked by
pH 5.8 ± 0.1. In 12 neurons a solution with pH 6.0 was
applied alone or in the presence of the ASIC blocker benza-
mil hydrochloride (bzm). Bzm 10μM suppressed the peak cur-
rent amplitude to 59 ± 8% of control (n = 4) without effects
on plateau current. Bzm 20μM suppressed peak current to
30 ± 6% and plateau to 57 ± 11% of control (n = 12)(see
Figure3). The reversal potential of the acid-induced current
was determined in 3 TMN neurons. Currents in response to
acidic pH were inward at negative membrane potentials and
became outward at potentials more positive than +64 ± 4mV
(the predicted reversal potential for the sodium ion under our
recording conditions is +63.4mV). Previous studies have shown
that ASICs are mainly permeable for sodium ions (Bassilana
et al., 1997; Waldmann et al., 1997). Single-cell RT-PCR anal-
ysis was performed from 32 TMN neurons. We found vari-
able expression of all four known ASICs in histaminergic cells:
thus ASIC1 transcripts were detected in 71%, ASIC2 in 56%,
ASIC3 in 63% and ASIC 4 in 47% of TMN neurons (n = 32,
Figures3C,D). Restriction analysis of PCR fragments containing
the splice region of ASIC1showed that only the ASIC1a sub-
type is expressed in TMN. The whole TMN region was analyzed
from four rats. This result was conﬁrmed by sequencing. Thus,
similar to dopaminergic neurons of the midbrain (Pidoplichko
and Dani, 2006) TMN neurons express ammonium-sensitive
ASIC1a.
Na+/Ca2+ EXCHANGE AND Na+/K+ ATPase ARE ESSENTIAL
FOR ACID-EVOKED TMN EXCITATION
To test the participation of ASICs in the acid-induced exci-
tation of TMN, we applied pH 7.0 in the presence of bzm
(20μM, n = 3) and found that the ﬁring increase was vir-
tually abolished (Figure4A). This can be explained by the
Frontiers in Systems Neuroscience www.frontiersin.org April 2012 | Volume 6 | Article 23 | 6Yanovsky et al. Protons, ammonia and waking
FIGURE 3 | Expression and function of ASIC (acid sensing ion channels)
in TMN neurons. (A) Acid-induced currents in two representative neurons.
Neurons are moved to the test solution with indicated pH for 2s from the
control ACSF (pH 7 .4). Benzamil hydrochloride (bzm) abolishes the fast
inactivating phase of the response and reduces the non-desensitizing
component. (B) Averaged current-pH histogram represents data obtained
from 17 neurons. Data points are ﬁtted with the logistic
equation. (C) Photographs of gels illustrate RT-PCR analysis of
ASIC (1–4) expression in whole TMN and in one representative
neuron. (D) Floating bar histograms show co-expression of
4 ASICs in 32 TMN neurons positive for histidine
decarboxylase (HDC).
simultaneous antagonism toward both: ASICs and Na+/Ca2+
exchange, which works in a reverse (depolarizing) mode
downstream to mGluR activation. In addition, bzm blocks
Na+/H+ exchange, preventing intracellular acidiﬁcation during
exposure to acid.
Despite ubiquitous expression of ASICs in TMN neurons, the
followingﬁndingsarguedagainstamassiveionﬂowthroughsuch
membrane channels in response to pH 7.0 and favor the idea
that the sodium gradient is reduced during the excitation phase
of the response, possibly through inhibition of Na+/K+ ATPase
by protons, as described previously for cardiomyocytes (Fuller
et al., 2003): (1) lack of a pronounced membrane depolarisation
during increased neuronal ﬁring frequency; (2) decreased ampli-
tude of action potential currents during the excitation phase;
(3) no signiﬁcant changes in Rin seen in perforated patch con-
ﬁguration. Fuller et al. (2003)d e m o n s t r a t e dt h a tN a +/K+ATPase
subtypes expressed in brain and heart are inhibited by a proton-
activated factor during the initial phase of sodium inﬂux in
response to ischemia, which leads to membrane depolarisa-
tion. Increased intracellular sodium concentration turns on the
Na+/Ca2+ exchange in the reverse mode leading to the extru-
sion of sodium, intracellular acidiﬁcation and rise of calcium
(Fuller et al., 2003). Therefore, the second, inhibitory phase of
the response to acidiﬁcation recruits calcium-activated potas-
sium channels acting synergistically with the reverse electrogenic
Na+/Ca2+ exchange (3sodium ions are exchanged for 1 calcium
ion) to produce a hyperpolarization. Upon return to the control
ACSF (pH 7.4) the Na+/K+ ATPase regains its functionality and
contributes to the hyperpolarization. This scenario, schemati-
cally depicted in Figure4, could explain the biophysical charac-
teristics of the ﬁrst (excitatory) and second (inhibitory) phase
of the TMN response to the mild (physiological) acidiﬁcation.
Indeed, Na+/Ca2+ exchange and Na+/K+ ATPase were found
to be essential for the ﬁrst excitatory phase of the acid-induced
excitation.
The Na+/K+ ATPase blocker ouabain (0.5μM) increased
the ﬁring frequency of TMN neurons to 214 ± 20% of con-
trol (p < 0.0001; n = 8). In the presence of ouabain acidi-
ﬁcation of the extracellular solution produced neither exci-
tation (Figure4B) nor the rebound inhibition upon return
to the control medium. When pH 7.0-induced currents were
recorded in the presence of ouabain (perforated patch-clamp),
outward currents were seen instead of inward currents in con-
trol experiments (Figure4B). This can be explained by the
activation of the reverse mode of Na+/Ca2+ exchange which
leads, together with calcium-activated potassium currents to
hyperpolarization.
AMMONIUM-INDUCED EXCITATION DIFFERS FROM ACID-INDUCED
EXCITATION OF TMN
AsASIC1arespondsto ammonium(Pidoplichko andDani,2006)
we compared the pharmacology of ammonium-induced excita-
tion with the acid-induced excitation in the following exper-
iments. In cell-attached recordings NH4Cl evoked a transient
increase in ﬁring rate to 177 ± 14% of control (n = 16). In
some neurons an inhibition similar to that seen in experiments
with pH 7.0 was present at the beginning of the washout period
(Figure5). In contrast to the acidiﬁcation-induced increase in
ﬁring rate, the excitation by ammonium was not prevented by
mGluRI-antagonists(n = 4), bybenzamilhydrochloride(n = 4)
or by ouabain (n = 3, Figure5).
Ammonium can be transported instead of K+ by the Na+/K+
ATPase (Kelly and Rose, 2010) or interact with KCC2 (potas-
sium/chloride co-transporter) (Liu et al., 2003). Thus mecha-
nisms of action of ammonium and of protons are different in
TMN neurons.
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FIGURE 4 | Benzamil or ouabain abolish acid-induced excitation.
(A1) Benzamil (bzm, 20μM) blocks acid-induced excitation. (A2) Time course
of ﬁring frequency in control and in ouabain (0.5μM). (A3) gray trace shows
acid-induced outward current recorded in ouabain (perforated patch-clamp
mode) superimposed to the black (control) response recorded from the same
neuron. (B,C) Models explaining action of bzm or ouabain. Bzm inhibits ASIC,
Na+/H+ and Na+/Ca2+ exchangers. Ouabain (C) blocks Na+/K+
ATPase, which leads to the compensatory sodium removal by
Na+/H+ and Na+/Ca2+ exchangers, which is accompanied by a rise of
intracellular Ca2+ and calcium-activated potassium conductance. Red stars
point to block of the direct mode of Na+/Ca2+ exchange in both experimental
sessions.
FIGURE 5 | Ammonium-induced excitation. (A) Averaged time course
diagrams show normalized ﬁring frequency (cell-attached voltage-clamp
mode) in control experiments and in the presence of indicated blockers,
which abolish pH 7 .0-induced excitation. (B) Ouabain does not block
ammonium-induced excitation.
ARE METABOTROPIC GLUTAMATE RECEPTORS ESSENTIAL FOR
THE ACID-INDUCED EXCITATION? GENERATION AND
CHARACTERIZATION OF HDC-Cre MICE
Our experiments in rats showed that metabotropic glutamate
receptors of type I, NCX and Na+/K+ ATPase are the major
playersinproton-inducedexcitation ofTMN,butnotinresponse
to ammonia. In order to identify the role of the histaminergic
system in the response to hypercapnia or/and hyperammone-
mia it would be important to delete the major sensors only in
histidine-decarboxylase (HDC) expressing neurons and see the
behavioral response according to the previously published proto-
cols (Johnson et al., 2005). For this purpose an HDC-Cre mouse
was generated. A schematic diagram showing derivation of the
HDC-Cre mouse is shown in Figure6. In initial experiments a
Table 1 | Co-expression of Cre recombinase activity and HDC within
the ventrolateral tuberomamillary nucleus of HDC-Cre transgenic
line1.
Approximate distance % lacZ-IR3 neurons % HDC-IR neurons
of section to Bregma2 co-expressing HDC-IR co-expressing lacZ-IR3
−2.30mm 100 76.3 ± 2.9
−2.70mm 100 71.1 ± 2.5
−2.92mm 100 75.7 ± 2.9
1The percentage of HDC-IR/LacZ-IR co-expressing neurons was determined at
three different levels through the ventrolateral tuberomamillary nucleus. The
data are reported as the mean percentage ± SEM for three different brains.
2These approximate distances were determined by comparison to ﬁgures within
the mouse brain atlas of (Paxinos and Franklin, 2004).
3lacZ-IR is a marker for the presence of Cre recombinase activity.
LacZ-reporter mouse was used for the visualization of HDC-Cre
transgene in TMN. Results of this analysis are summarized in
Table 1 and Figure6.
Fortheelectrophysiologicalrecordingsanotherreportermouse
was used whichallowed us to visualizeliving TMNneurons inthe
slices. The co-localization pattern of transgene and histamine in
the HDC/Tmt-mouse was similar qualitatively and quantitatively
tothatseenintheLacZ-reporter mouse.Thus,intheventrolateral
TMN (our recording site) all Tmt+ neurons contained histamine
(Figure 7A).Among 1101histaminergic neuronscounted insim-
ilar ﬁelds as shown in Figure 7A (21 ﬁelds in slices obtained from
ﬁve mice were investigated) 298 neurons were negative for the
Tmt-protein (25.7 ± 2.8% of total in each mouse).
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FIGURE 6 | Schematic diagram of the derivation of HDC-Cre transgenic
mice and immunohistochemical analysis of transgene expression in
TMN. Mice expressing Cre recombinase under the control of the HDC
promoter were generated by inserting a Cre recombinase expression
cassette into a BAC genomic clone containing HDC. In particular, a 2194-bp
region of HDC was replaced by the coding sequence of Cre recombinase
followed by an SV40 polyadenylation signal (pA) and an frt site. HDC’s exons
(denoted by numbered rectangles), and the start codons (ATG) and stop
codons (TAG) for HDC and Cre are all indicated. The amounts of mouse
chromosomal sequence present in the BAC either upstream of the HDC start
codon or downstream of the HDC stop codon also are indicated. Small
arrows denote the locations of oligonucleotide primers used for genotyping.
Expression of Cre activity within the tuberomamillary nucleus of the HDC-Cre
transgenic mouse line was examined in coronal brain sections of
Rosa26-lox-STOP-lox-lacZ reporter mice harboring the
HDC-Cre transgene. (A,D,G) Rostrocaudally arranged brain sections
[(A) Bregma −2.30mm, (D) Bregma −2.70 mm, (G) Bregma −2.92 mm)]
processed for HDC-immunoreactivity (red). (B,E,H) The same sections
processed for lacZ-immunoreactivity (green). (C,F,I) Merged HDC (red) and
lacZ signals (green), within cells containing co-localized HDC- and
lacZ-immunoreactivity, appearing as yellow (yellow dots and
green dots reﬂect highly localized collections of lacZ). Scale bars =
200μMi nG and H (applies to A, B, D, E, G, H); 50 μMi nI
(applies to C, F, I).
The ventrolateral TMN (E2 group) in the mouse is not as
compact as in the rat. Moreover, spontaneously ﬁring cells in
this region are not always histaminergic. Among 10 recorded
cells in wild type (WT) mice (n = 3) only ﬁve reduced their
ﬁring activity in response to the histamine receptor 3 agonist
R-α-methylhistamine (RAMH, 2μM) and were considered his-
taminergic neurons (Figure7). All red (Tmt+) TMN neurons
from HDC/Tmt mice responded to RAMH (n = 6) with an inhi-
bition of ﬁring not different from that seen in TMN neurons of
WT mice (Figure7B). Orexin A (100nM) excited mouse TMN
(Tmt+) neurons to 255 ± 63% of control frequency (n = 4, not
shown) similar to our previous results in the rat (Eriksson et al.,
2001).
Relative mRNA levels encoding for HDC, peripherin,
histamine N-methyl-transferase (HNMT) and vesicular
monoamine transporter (VMAT2) in the TMN region were
found similar between WT and transgenic HDC/Tmt mice
(Figure7C). In contrast to the rat neither WT nor Tmt+
mouse TMN neurons were excited by pH 7.0 (Figure7D).
Another difference was the signiﬁcantly smaller excitation
by the mGluR I agonist DHPG in mice (to 125 ± 12% of
control, n = 5) compared to rats (to 220 ± 26% of control
(n = 5), p < 0.05).
There was no difference between ammonium-induced excita-
tion between rat and mouse TMN neurons: 177 ± 14 (n = 16)
and 240 ± 42% (n = 6) of control, respectively (Figure8). Thus
the HDC-Cre mouse offers a good model for exploring the role
of the histaminergic system in hepatic encephalopathy, character-
izedbythehyperammonemiaandincreasedhistamine levelinthe
brain (Lozeva et al., 2003).
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FIGURE 7 | Mouse TMN neurons resemble those of the rat but hardly
respond to pH 7.0 and DHPG. (A) Histamine (AF488) co-localization with
Tmt protein (expressed in HDC-Cre positive neurons). Note, that virtually all
red cells are histamine-positive, but some histamine+ cells do not express
HDC-Cre (few cells are indicated by arrows). Scale bar 100μm. (B) The H3
receptor agonist R-(α)-methyl histamine (RAMH, 2μM) similarly decreases
ﬁring rate of mouse WT (n = 5) and Tmt+ (n = 6) TMN neurons. (C) Relative
levels of mRNAs encoding for the markers of histaminergic activity in TMN
region of 4 WT and 6 HDC/Tmt mice. HDC, histidine decarboxylase; prph,
peripherin; HNMT, histamine N-methyl-transferase; VMAT2, vesicular
monoamine transporter 2. (D) Acid-induced excitation is hardly seen in
mouse WT (n = 6) or Tmt+ (n = 6) TMN neurons. Data points are
superimposed to the time course diagram of acid-induced excitation from
rats (n = 23). (E) The metabotropic glutamate receptor agonist DHPG
(0.5μM) excites rat TMN neurons to a signiﬁcantly larger extent (n = 5) than
mouse TMN neurons (n = 5).
FIGURE 8 | Ammonium and proton-sensing in histaminergic TMN neurons. (A) Excitation by ammonium chloride (5mM) is not signiﬁcantly different
between mouse and rat. None of the effectors depicted in (B) participates in ammonium-sensing. (B) Proton sensing cascade in TMN neuron, see discussion.
DISCUSSION AND CONCLUSIONS
The rat histaminergic neurons in the TMN respond to acid-
iﬁcation in the physiological range (pH 7.0) with an exci-
tation resembling that of chemosensors in the brainstem. A
similar effect has also been described for the neighboring
orexin/hypocretin-containing neurons (Williams et al., 2007)
which express glutamatergic markers (Torrealba et al., 2003).
Optogenetic stimulation of their axons results in glutamatergic
currents in some TMN neurons (Schöne et al., 2011), which may
add to the acid-response of TMN neurons. In principle, ATP
releasefrom gliain responseto acid/CO2 couldhaveexcited TMN
neurons, however antagonists at purinergic receptors failed to
affect the excitation observed here.
We describe an unusually high sensitivity to glutamate of
type I metabotropic receptors in TMN neurons. We applied the
metabotropicglutamatereceptor agonistDHPGat0.5μM,much
below the concentrations used in previous studies (50–200μM,
Bonsi et al., 2005; Hartmann et al., 2008; Chepkova et al., 2009).
Mice lack the pH 7.0-induced excitation and show much smaller
responses to DHPG compared to the rat.
Our previous single-cell RT-PCR analysis of mGluR I recep-
tor expression in the rat TMN showed that almost all his-
taminergic neurons express mGluR1 but only 78% of them are
mGluR5-positive (Sergeeva et al., 2006). The rat ventrolateral
but not the medial TMN is activated by hypercapnia (Johnson
et al., 2005). We show now a lower level of mGluR5 transcripts in
this TMN part than in the non-responsive medial TMN. In stri-
atal cholinergic neurons mGluR5 receptors mediate an increased
desensitization rate ofmGluR1receptors (Bonsi etal.,2005), thus
antagonizing the mGluR1-response. Although different effec-
tor systems are involved in mGluR I signaling in striatum and
in TMN, such antagonistic interactions between mGluR5 and
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mGluR1 may provide an explanation for the lacking pH 7.0-
mediated excitation inthe medialTMNwith its higher expression
level of mGluR5. Thus our current model explaining the proton-
induced excitation of TMN (Figure8B)d e p i c t sm G l u R 1a sap r i -
mary chain. The mGluR1 activates (through PLC) non-selective
cation channels, most likely of the TRPC-type, which increase
intracellular Ca2+. This is removed bythe electrogenic Na+/Ca2+
exchanger (NCX) leading to depolarisation and increased ﬁring.
We have previously described NCX as the major effector for sev-
eral excitatory neurotransmitters in TMN (Eriksson et al., 2004;
Parmentier et al., 2009; Yanovsky et al., 2011). Block of ASIC,
Na+/H+ and Na+/Ca2+ exchangers by benzamil (20μM) also
abolished the pH 7.0-induced excitation (Figure4A), indicating
that the direct mode of Na+/Ca2+ exchange is essential for the
maintenance of low intracellular calcium level and for the neu-
ronal excitation in response to pH 7.0. TMN neurons express
variabletypes and splicevariants ofNa+/Ca2+ exchangers (NCX)
(Sergeeva et al., 2003, 2004), their functional diversity remains
to be elucidated. We have shown previously that serotonin, orex-
ins/hypocretins, the dopamine receptor 2 agonist quinpirole and
thyrotropin releasing hormone (TRH) excite TMN neurons by
activation of NCX (Eriksson et al., 2004; Parmentier et al., 2009;
Yanovsky et al., 2011). These transmitters are coupled to phos-
pholipaseC,likeglutamatethroughtypeImetabotropicreceptors
(Wang et al., 2007), which are involved in acid-induced activation
of TMN (see above). In our previous studies (Parmentier et al.,
2009; Yanovsky et al., 2011) we found that non-selective cation
channels (most likely of TRPC type) make the major contribu-
tion and are likely activated by the phospholipase C. Intracellular
calciumriseallowssodiuminﬂuxthroughtheelectrogenic (depo-
larizing) NCX. We did not observe pronounced depolarization in
response to pH 7.0 in the present study most likely dueto the dis-
sipationofsodiumgradientandsubsequentreversalofNa+/Ca2+
exchange.
Benzamil but not metabotropic glutamate receptor antag-
onists blocks proton-induced excitation entirely. Furthermore,
acid-induced excitation does not disappear in TMN neurons in
slices at room temperature, where NCX function is dramatically
reduced (Eriksson et al., 2001; Parmentier et al., 2009). Therefore,
we assume contributions from ASICs in pH 7.0-excitation,
which is seen only in slices where a larger fraction of den-
drites and axons is preserved than in the acutely isolated cells.
Such a strategically important location of ASICs may have no
impact on somatic membrane conductances but can inﬂuence
local sodium concentrations and action potential generation.
Dissipation of the sodium gradient after blockade of Na+/K+
ATPase may also abolish or reduce ASIC-currents. ASIC1a and
ASIC3 are most likely candidates as they are highly sensitive
to small, physiological changes in pH (Waldmann et al., 1997;
Lingueglia, 2007). Na+/K+ ATPase, Na+/H+ exchanger and the
direct mode of Na+/Ca2+ exchange play supportive roles for
the pH 7.0-induced excitation maintaining sodium and calcium
homeostasis. Impairment of their function abolishes the excita-
tory response, most likely by turning on the reverse mode of
Na+/Ca2+ exchange, which leads to accumulation of intracellu-
lar calcium and recruits calcium-activated potassium channels.
The inhibition of Na+/K+ ATPase by protons (Fuller et al.,
2003) can contribute to the observed excitation of TMN. A
block of this pump by ouabain (0.5μM) causes an acidiﬁca-
tion and an increase in ﬁring rate comparable to that achieved
by pH 7.0. The effects of ouabain and pH 7.0 are not additive:
acidiﬁcation in the presence of ouabain does not produce an
excitatory response, indicating that preservation of the sodium
gradient under basal conditions is necessary for the excitatory
response.
The mechanisms of proton- and ammonium-evoked excita-
tion of the histaminergic neurons are different: blockers of the
excitation by protons (ouabain, benzamil hydrochloride, antago-
nists of mGluRI) did not inﬂuence ammonium (5mM)-induced
excitation. Moreover, ammonium-induced excitation did not
differ between rat and mouse, whereas proton-induced excita-
tion was only observed in rat, with the large DHPG (0.5μM)-
responses. As ammonium, similar to extracellular protons, causes
intracellular acidiﬁcation (Kelly and Rose, 2010)w eb e l i e v et h a t
the increase in intracellular protons plays a role for both, acid-
and ammonium-sensing. We demonstrate now that blockade of
proton entry into the cell (Na+/H+ exchanger) eliminates acid-
induced excitation, but does not affect ammonium-induced exci-
tation. Kelly and Rose (2010) have shown that ammonium enters
hippocampal neurons through the Na+/K+ ATPase, leading to
intracellularacidiﬁcation.Wefailedtoblockammonium-induced
excitation with the Na+/K+ ATPase antagonist ouabain.
The novelHDC-Cremousepresented herewillprovideunique
possibilitiestoinvestigate physiologicalfunctions ofthehistamin-
ergic system in normal and pathological brain. In particular,
the role of the histaminergic system can be studied now under
conditions of hyperammonemia, where it is poorly understood.
In hepatic encephalopathy brain concentrations of histamine
are elevated (Lozeva et al., 2003). The resulting changes in
the histaminergic system are unknown; it could be protective
or deleterious. Our recent experiments in histamine-deﬁcient
mice (HDC−/−) indicated that histamine may play a protec-
tive role against damaging effects of ammonia on hippocampal
long-termpotentiation (Chepkovaetal.,2012).Thus,ammonium
but not proton-induced excitation can be studied in transgenic
mice which allow manipulating receptors and signaling cas-
cades selectively in histaminergic neurons. This mouse will shed
more light on the role of the histaminergic system in health
and disease, for instance on obstructive sleep apnea and hepatic
encephalopathy.
In conclusion, acidiﬁcation excites the histaminergic neurons
which are prominent keepers of the waking state. Physiological
and pathophysiological changes of pH are thus bound to inﬂu-
ence many functions of the hypothalamus including sleep-
waking, energy homeostasis and the release of hormones.
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